Introduction
Multicrystalline silicon (mc-Si) represents 50% of the total PV production and is a cheaper alternative to monocrystalline materials. However, relative higher concentrations of impurities and structural defects limit the efficiency of mc-Si solar cells [1, 2] . The role of crystallization processes for defect and impurity distribution has been recently reviewed [3] . During ingot solidification and subsequent cooling, impurities segregate towards grain boundaries and dislocation clusters. This phenomenon, known as internal gettering (IG), results in an increase of defects recombination activities [4, 5] and the appearance of regions of low impurity concentration [6, 7] , i.e. depleted regions. IG of metallic impurities has also been identified as a limitation to the efficiency of external gettering (EG) [8, 9] .
Iron is an impurity which is always present in multicrystalline silicon ingots due to in-diffusion from, primarily, the crucible and coating materials. The effect of iron in mc-Si solar cells has been previously investigated [10] . Still internal gettering of iron and its interaction with extended defects, e.g. grain boundaries and dislocations, remain to be fully understood. In this work iron gettering behavior is investigated using qualitative minority carrier lifetime imaging method. Despite its simplicity the method is a useful tool to qualitatively and quantitatively compare the role of different types of grain boundaries (GBs). Internal gettering towards GBs is assessed and grain boundary nature influence on segregation profile and intensity is discussed.
Experimental
A multicrystalline silicon ingot of approximately 1.5 kg was solidified in a vertical gradient freeze (VGF) furnace that was built in our laboratory. The furnace has two (top and bottom) resistance heaters. It was doped with boron to achieve a target resistivity of 1 Ωcm and 50 ppma Fe was added to the polysilicon feedstock. At the beginning of solidification, the temperature difference between top and bottom heaters was approximately 550 K. Selected samples, cut perpendicularly to the growth direction, were polished, etched and passivated. Qualitative minority carrier lifetime maps were obtained by photoluminescence (PL) imaging. Grain orientation and grain boundary characters were determined by electron backscatter diffraction (EBSD) using scanning electron microscope (SEM).
A sample taken at approximately 85% ingot height was selected for studying the effect of grain boundary nature on Fe distribution. The method developed consists of calculation of the highest contrast value of the fitted Gaussian curves. The method also allows calculating the thickness of the area around the grain boundary where iron concentration suddenly decreases, the so-called depleted region. The data are taken from the PL images of silicon wafers. The full width of tenth maximum (FWTM) for a Gaussian curve is:
width of the depleted regions c two inflection points of the function occur at x=b-c and x=b+c
Phosphorus gettering [11, 12] was performed on a neighboring sample, taken at approximately 85% ingot height, by in-diffusion of a phosphorus emitter (50 Ω/sq.) in a POCl 3 tube furnace followed by an emitter etch-back. The sample was surface passivated using hydrogenated amorphous silicon. The interstitial iron concentration in the ungettered sample was measured by FeB pair dissociation using micro-wave photoconductance decay (µw-PCD) [13, 14] . Photoluminescence imaging was performed using a LIS-R1 setup from BTI [15, 16] . A diode laser with a wavelength of 808 nm is used to illuminate the sample and the resulting band-to-band photoluminescence is measured with a CCD camera. A lifetime map is obtained by quasi-steady state photoconductance (QSSPC) and used for the calibration of the PL-signal. Figure 1a shows the PL image of an unpassivated horizontal sample taken from about 53% of the ingot height illuminated for 30 seconds using an 808 nm laser. Assuming uniform surface properties, both optical and electrical, the PL signal scales with the minority carrier lifetime in the sample. Thus, qualitative evaluation of the electrical properties of the samples is enabled. Higher PL-signal in grain boundaries and dislocation clusters are usually observed in wafers containing large amounts of metallic impurities, e.g. in the red zones of multicrystalline ingots [17] . Areas where the iron concentration is low coincide with the high PL signals, interpreted as high lifetime areas. Most of the grain boundaries are bright in the PL images, indicating high lifetime (hence low electrical recombination) and can be related to low iron concentration. This indicates that there are areas around the grain boundary where iron concentration suddenly decreases. This is attributed to internal gettering of Fe at the grain boundary (GB) resulting in a Fe depleted region with a corresponding high lifetime close to the GB [18] . A schematic view of this mechanism is given in Figure 1b . Iron accumulates at the GB which is surrounded by lowconcentration areas (depleted regions). However, PL images allows to revealing only the depleted region, as its resolution is not high enough to show the low lifetime at the GB interface. Comparison between EBSD maps (bottom) and a PL map (top) from a horizontal cross section sample taken at approximately 85% fraction solid. On the EBSD maps, grain boundary characters are indicated by color -i.e. Σ3 in green, Σ9 in blue, Σ27 in red and random GB in black. Figure 2 shows a comparison between the EBSD micrographs and PL images. It is observed that different types of grain boundary have different PL contrast. As previously observed [4] , very limited or no Fe segregation towards Σ3 is detected, and a slight segregation is observed at Σ9 grain boundaries. In Σ27 and random grain boundaries the internal gettering effect is more pronounced, as they show higher contrast on PL maps. It has been reported that the initial iron level has a major impact on gettering efficiency and that for levels below 1×10 12 cm −3 (i.e. <0.02 ppba)
Results and discussion
IG is practically impossible to achieve by cooling [19] . The Fe pollution level in the ingot investigated is 50 ppma. Because the Fe equilibrium partition ratio reported in literature is ~ 8x10 -6 [19] , the initial content in the solid can be expected to be ~0.4 ppba (thus higher than 0.02 ppba).
Grain boundary segregation profiles are assessed as a function of their nature. Image analyses methods are used to compare the depleted region thicknesses and the segregation intensity. Contrast values are extracted from a PL image, around a selected grain boundary. The resulting data are fitted to a Gauss curve, giving the maximum contrast value at the grain boundary and, the width of the bright band, i.e. the depleted region, at the grain boundary. This width is evaluated by calculating the full width at tenth of the Gauss curve maximum (FWTM) and by using Equation (1) . Grain boundary nature influence on both maximum contrast and depleted region width is assessed. Figure 3 shows the contract index results for all types of grain boundaries investigated, namely Σ3, Σ9, Σ27, and random GB, respectively. These results indicate that Σ3 GBs have no visible gettering effect whereas the effect of Σ9 and Σ27 GBs is more pronounced. These results are in agreement with the calculations made by Kohyama et al. [20] . The authors showed that the interfacial energy of a <110> tilt GB depends on its character and misorientation angle. Σ3 interfacial energy was found to be close to 0 Jm -2 while Σ9 and Σ27 interfacial energies are significantly higher. Random GBs show the highest contrast indicating the strongest internal gettering effect. Furthermore, the thickness of the depleted regions is approximately the same and only the contrast (i.e. the internal gettering efficiency) changes for the different GBs. This indicates that the extension of the depleted region is mainly dominated by the diffusion length of iron. Figures 4a and 4b , the increase in the PL-signal following the P gettering process leads to an increase in lifetime. The P gettering increases the PL-signal by roughly a factor of 6, both in large grains as well as across the grain boundaries. Only in the dislocation clusters, represented as large bright areas, the effect of P gettering is reduced. An example of limited impact of EG in a dislocated region is highlighted with a red circle on Fig.4 . It is well known that the beneficial effect of gettering is limited in areas with high dislocation densities [13, 21] . The minority carrier lifetime in a passivated wafer after gettering is shown in Figure 4c . A mean lifetime across the wafer of 25 μs (max. 62 μs) is obtained, from the QSSPC calibrated PL image. 
Conclusions
A multicrystalline silicon ingot intentionally contaminated with iron was produced in a small scale VGF furnace. The behavior of iron in the material was studied by PL and EBSD. A quantitative method to compare the effects of different GBs was developed. The method uses PL data to calculate contrast values of the fitted Gaussian curves. During solidification iron close to the grain boundaries diffuses to these GBs, leaving behind depleted regions with lower iron concentrations and, therefore, higher minority carrier lifetimes. The contrast values based on the PL images together with the EBSD maps show that the different grain boundaries have different effect on the near-lying iron. Σ3 GBs show no visible internal gettering effect whereas the effect of Σ9 and Σ27 GBs is more pronounced. Random GBs show the highest contrast indicating the strongest internal gettering effect. The results show that the width of the depleted regions is approximately the same and only the contrast (i.e. the gettering efficiency) changes for the different GBs.
